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Summary
Substrate-induced conformational change of the pro-
tein is the linchpin of enzymatic reactions. Replicative
DNA polymerases, for example, convert from an open
to a closed conformation in response to dNTP binding.
Human DNA polymerase-i (hPoli), a member of the Y
family of DNA polymerases, differs strikingly from
other polymerases in its much higher proficiency
and fidelity for nucleotide incorporation opposite tem-
plate purines than opposite template pyrimidines. We
present here a crystallographic analysis of hPoli bi-
nary complexes, which together with the ternary com-
plexes show that, contrary to replicative DNA polymer-
ases, the DNA, and not the polymerase, undergoes the
primary substrate-induced conformational change.
The incoming dNTP ‘‘pushes’’ templates A and G from
the anti to the syn conformation dictated by a rigid
hPoliactivesite. Together, thestructuresposit amech-
anism for template selection wherein dNTP binding
induces a conformational switch in template purines
for productive Hoogsteen base pairing.
Introduction
The discovery of each new DNA polymerase tantalizes
biologists with questions of conformational change
and how this change manifests along the various steps
of the reaction pathway. Preceding phosphoryl transfer,
DNA polymerases first bind the template-primer to form
the preinsertion polymerase-DNA binary complex, and
then they bind incoming dNTP to form the preinsertion
polymerase-DNA-dNTP ternary complex. This is then
followed by a step leading to the formation of a phospho-
diester bond between the a-phosphate of dNTP and the
30-OH at the primer terminus. A comparison of binary
and ternary crystal structures of replicative DNA poly-
merases reveals a large conformational change in the
enzyme in response to dNTP binding that converts the
polymerase from an open to a closed form (Doublie
et al., 1998, 1999; Li et al., 1998; Steitz, 1999). Conforma-
tional flexibility of the enzyme lies at the heart of the high
*Correspondence: aggarwal@inka.mssm.edufidelity of these polymerases and provides intermediate
states that can serve as kinetic checkpoints (Joyce and
Benkovic, 2004).
Do other families of DNA polymerases—such as the
lower-fidelity Y family of DNA polymerases that replicate
through DNA lesions—undergo a similar conformational
change upon dNTP binding? Humans possess four Y
family polymerases—Polh, Poli, Polk, and Rev1—each
with a unique DNA damage bypass and fidelity profile
(Prakash et al., 2005). Polh, for example, is unique in
its ability to proficiently and accurately replicate through
a UV-induced cis-syn thymine-thymine (T-T) dimer
(Johnson et al., 1999b, 2000b; Washington et al., 2000,
2003), and, correspondingly, mutations in Polh in hu-
mans cause the variant form of xeroderma pigmento-
sum (Johnson et al., 1999a; Masutani et al., 1999), a
cancer-prone syndrome. Unlike Polh, Poli is unable to
replicate through a cis-syn T-T dimer; Poli can, however,
insert a nucleotide opposite the 30 T of a UV-induced
(6-4) T-T photoproduct and also opposite an abasic
site (Haracska et al., 2001; Johnson et al., 2000a). Poli
differs most strikingly from replicative DNA polymerases
(as well as other Y family polymerases) in its much higher
proficiency and fidelity for nucleotide incorporation op-
posite template purines than opposite template pyrimi-
dines (Haracska et al., 2001; Johnson et al., 2000a; Tiss-
ier et al., 2000; Washington et al., 2004a; Zhang et al.,
2000).
We present here a crystallographic analysis of human
Poli (hPoli) binary complexes, which together with the
ternary complexes offer a view of the conformational
changes accompanying dNTP binding in this DNA poly-
merase. The hPoliA.dTTP and hPoliG.dCTP ternary com-
plexes determined previously revealed Hoogsteen
base pairing in the hPoli active site, wherein templates
A and G adopt the syn conformation and make hydrogen
bonds with incoming dTTP and dCTP, respectively (Nair
et al., 2004, 2005). However, a number of important
questions about the reaction pathway remained unan-
swered from the ternary complexes: Does hPoli, for ex-
ample, undergo a conformational change in response to
substrate (dNTP) binding? Are there open and closed
forms of hPoli that are analogous to replicative polymer-
ases? Are templates A and G in the anti or the syn con-
formation prior to dNTP binding?
To our knowledge, the structures of hPoli binary com-
plexes together with those of the ternary complexes re-
veal a novel mechanism of polymerase action. We show
that it is the DNA, and not the enzyme, that undergoes
the primary substrate-induced conformational change
wherein the incoming dNTP ‘‘pushes’’ templates A and
G from the anti to the syn conformation for productive
Hoogsteen base pairing.
Results
Structure Determination
We compare here a quartet of structures: hPoliA, in
which hPoli binds template A; hPoliA.dTTP, in which hPoli
binds template A and incoming dTTP; hPoliG, in which
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750Figure 1. hPoli Binary and Ternary Complexes
(A) Overall structures of hPoliA binary (left) and hPoliA.dTTP ternary (right) complexes. The palm, fingers, and thumb domains and the PAD in the
hPoli molecules are shown in blue, yellow, orange, and green respectively. DNA is shown in gray; template dA and incoming dTTP are shown in
red. Dotted lines correspond to loops in the PAD for which the density is not well defined.
(B) Overall structures of hPoliG binary (left) and hPoliG.dCTP ternary (right) complexes. Template dG and incoming dCTP are shown in red.hPoli binds template G; and hPoliG.dCTP, in which hPoli
binds template G and incoming dCTP.
The hPoliA.dTTP structure determined previously had
one hPoli molecule bound to the replicative end of the
template-primer and another at the blunt end (Nair
et al., 2004). The complex packed in two orientations
with an occupancy of the nascent base pair of 50%. In
crystallizing the hPoliA and hPoliG binary complexes,
we sought to increase the occupancy of the template
base by the use of a ‘‘double-ended’’ template-primer,
with two identical replicative ends (see ExperimentalProcedures). This allows the active sites of both poly-
merases to bind a template base. We used a similar
strategy to crystallize the hPoliG.dCTP ternary complex
whose structure we have reported recently (Nair et al.,
2005). Thus, the only chemical difference between the
hPoliG binary and hPoliG.dCTP ternary complexes is the
presence of incoming dCTP in the latter. For a more pre-
cise comparison with the hPoliA binary complex, we also
redetermined the hPoliA.dTTP structure with a double-
ended template-primer, and this is the structure pre-
sented here. Thus, the only chemical difference between
anti to syn Change of Template Purine in Poli
751the hPoliA binary and hPoliA.dTTP ternary complexes is
the presence of incoming dTTP in the latter.
Overall Arrangement
In all four structures, an hPoli molecule binds at each
end of a template-primer (Figure 1) designed to have
two identical replicative ends. The two hPoli molecules
are related by a crystallographic 2-fold axis and thus
make identical contacts with the template-primer. hPoli
is composed of palm (aa 25–37 and 99–224), fingers (aa
38–98), and thumb (aa 225–288) domains in the shape of
a right hand, as well as the PAD (aa 298–414), which is
unique to Y family polymerases. The palm domain com-
prises the ‘‘floor’’ of the DNA binding groove and carries
the catalytic residues (Asp34, Asp126, and Glu127),
while the fingers domain lies over the templating base
(and incoming nucleotide in the ternary complexes).
The thumb and the PAD straddle the duplex portion of
the template-primer and are connected by a long linker
that spans the width of the DNA. The thumb skims the
minor groove surface, while the PAD docks in the major
groove and makes the majority of DNA contacts that sta-
bilize the hPoliA and hPoliG binary and hPoliA.dTTP and
hPoliG.dCTP ternary complexes. In the ternary com-
plexes, hPoli is well poised for catalysis: the dNTP tri-
phosphate moiety lies between the fingers and palm
domains, and the putative 30 oxygen (at the primer
terminus) is locatedw3.1 A˚ from the dNTP a-phosphate
and is aligned more or less linearly with respect to the
scissile Pa-O30 bond. Two bound Mg2+ ions assist catal-
ysis by activating the primer 30-OH for the nucleophilic
attack and by stabilizing the build up of negative charge
during the phosphoryl transfer reaction.
hPoli Domains Move Relatively Little upon
dNTP Binding, but Several Amino Acids
Switch Conformation
The palm, fingers, and thumb domains and the PAD oc-
cupy almost identical positions with respect to the tem-
plate-primer in the binary and ternary complexes (Fig-
ures 1 and 2). In replicative DNA polymerases, on the
other hand, the fingers domain rotates as much as
w41º in response to dNTP binding, converting the poly-
merase from an open to a closed conformation (Doublie
et al., 1998, 1999; Joyce and Benkovic, 2004; Li et al.,
1998; Steitz, 1999). There is clearly no equivalent open
or closed form of hPoli (Figures 1 and 2). The absence
of significant fingers or other domain movement in hPoli
(in response to dNTP binding) suggests an active site
that is preassembled in the initial encounter between
the polymerase and the DNA (described below).
Although the hPoli domains move relatively little in re-
action to dNTP binding, the enzyme does ‘‘tighten,’’ and
some of the amino acids do switch conformation. The
tightening is evident in the reduction of average B fac-
tors for the fingers domains—from 72 A˚2 in hPoliA to
55 A˚2 in hPoliA.dTTP, and from 73 A˚
2 in hPoliG to 66 A˚
2
in hPoliG.dCTP. Amino acids that switch conformation in-
clude Leu62, Val64, and Arg71 from the fingers domain
(Figure 3). Arg71, along with Tyr68 (fingers) and Lys214
(palm), makes hydrogen bonds with the triphosphate
moiety of incoming dNTP. Arg71, Tyr68, and Lys214
are conserved in all Y family polymerases, and mutation
of the analogous residues in yeast Polh (Arg67, Tyr64,and Lys159) diminishes the nucleotide incorporation
ability of the polymerase (Johnson et al., 2003). Arg71
protrudes outward in the hPoliA and hPoliG binary com-
plexes, but it switches inward to make hydrogen bonds
with the b- and g-phosphates of dTTP and dCTP in the
hPoliA.dTTP and hPoliG.CTP ternary complexes, respec-
tively (Figure 3). Tyr68 and Lys214 move only slightly
upon dNTP binding, indicating that the dNTP binding
pocket is essentially preformed in the hPoli binary com-
plexes. The catalytic pocket is also preformed, as the
catalytic residues Asp34, Asp126, and Glu127 move
only slightly in response to dNTP binding. Leu62 and
Val64, on the other hand, switch rotomers upon sub-
strate binding (Figure 3). In the binary complexes,
Leu62 (c1A = 270º, c2A = 163º; c1G = 258º, c2G = 2169º)
and Val64 (c1A =268º; c1G =274º) liew5 A˚ above tem-
plate A and template G. In the ternary complexes, Leu62
(c1A = 180º, c2A = 62º; c1G = 2165º, c2G = 60º) and
Val64 (c1A = 77º; c1G = 72º) drape more directly over
Figure 2. Comparison of hPoli Domains in Binary and Ternary Com-
plexes
(A) Ca traces of hPoli from hPoliA binary (red) and hPoliA.dTTP ternary
(blue) complexes, based on a superposition of their palm domains.
(B) Ca traces of hPoli from hPoliG binary (red) and hPoliG.dCTP ternary
(blue) complexes, based on a superposition of their palm domains.
The hPoli domains move relatively little in going from the binary to
the ternary complex.
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752Figure 3. Comparison of the hPoli Active Site
in Binary and Ternary Complexes
(A) Top: close-up views of the hPoli active site
region in hPoliA binary (left) and hPoliA.dTTP
ternary (right) complexes. The fingers and
palm domains and the PAD are shown in yel-
low, blue, and green, respectively. The DNA
is colored gray, and the template dA and in-
coming dTTP are shown in red. The putative
Mg2+ ions in the ternary complex are shown
in dark blue. The catalytic residues (D34,
D126, and E127), the residues apposed close
to template dA (Q59, K60, L62, V64, L78, S307,
K309, and R347), and incoming dTTP (Y39,
T65, Y68, R71, and K214) are highlighted and
labeled. Note that template dA is in the anti
conformation in the binary complex but flips
to the syn conformation in the ternary com-
plex. Note also that some of the amino acids,
including Leu62, Val64, and Arg71, change
conformation in response to dTTP binding.
Bottom: simulated annealing Fo 2 Fc omit
maps (contoured at 3.0s) showing template
dA in the anti conformation in the binary com-
plex (left) and in the syn conformation in the
ternary complex (right). In the ternary com-
plex, dA makes a Hoogsteen base pair with
incoming dTTP, which remains in theanticon-
formation.
(B) Top: close-up views of the hPoli active
site region in hPoliG binary (left) and
hPoliG.dCTP ternary (right) complexes. Note
that template dG is in the anti conformation
in the binary complex but flips to the syn con-
formation in the ternary complex. Bottom:
simulated annealing Fo2 Fc omit maps (con-
toured at 3.0s) showing template dG in the
anti conformation in the binary complex
(left) and in the syn conformation in the ter-
nary complex (right). In the ternary complex,
dG makes a Hoogsteen base pair with incom-
ing dCTP, which remains in the anti confor-
mation and is likely protonated.the flipped A and G templates and make van der Waals
contacts ofw4 A˚.
Templates A and G Flip from the anti to the
syn Conformation upon dNTP Binding
The most dramatic conformational change occurs in the
DNA. Templates A and G are in the anti conformation in
the binary complexes, but they flip to the syn conforma-
tion in the ternary complexes (Figures 3 and 4). Once in
the syn conformation, the Hoogsteen edge of A (N7 and
N6) and G (N7 and O6) is presented for hydrogen bonding
with the Watson-Crick edge of incoming dTTP (N3 and
O4) anddCTP(N3and N4), respectively (Figure3). Charac-
teristic of Hoogsteen base pairing, the C10-C10 distance
across the incipient A(syn).T(anti) and G(syn).C+(anti)base pairs is only w8.6 A˚, as compared to >10.5 A˚ in
canonical Watson-Crick base pairs.
It is easy to see why templates A and G rotate about
their glycosidic bond to the syn conformation (cA = 72º
and cG = 65º); for, if the purines were to remain in the
anti conformation (cA = 297º and cG = 2143º) the base
would sterically clash with the incoming nucleotide.
The incoming dNTP effectively ‘‘pushes’’ templates A
and G into the syn conformation (Figures 3 and 4). This
variation of induced fit, wherein the binding of one sub-
strate (dNTP) induces a conformational change in the
other substrate (template-primer), is brought about by
a rigid hPoli active site that constricts the C10-C10 dis-
tance across the incipient base pair. The dNTP sugar
is fixed at one end of the active site by packing against
anti to syn Change of Template Purine in Poli
753the aromatic ring of Tyr39, as well as by a hydrogen
bond between the 30-OH of the sugar and the main chain
nitrogen of the tyrosine. At the other end of the active
site, the sugar of templates A and G is entrenched in
a small hydrophobic cavity delineated by the side chain
of Leu62 and the aliphatic portions of Lys60 and Gln59
(Figure 3). Consequently, the C10-C10 distance between
the sugars shrinks fromw10.5 A˚ in most DNA polymer-
ases to 8.6 A˚ in hPoli, which is conducive to Hoogsteen
base pairing, but not to Watson-Crick base pairing.
Leu62 and Lys60 are unique to hPoli, while Gln59 is
present in Poli and Polh, but not in any of the other Y
family polymerases. Accompanying the rotation of tem-
plates A and G to the syn conformation, there are
changes in some of the DNA backbone torsion angles
(particularly, g, about C40-C50), the effect of which is
a slight shift in the template sugar and the 50-phosphate
away from the flipped base.
Although hPoli is more efficient opposite template pu-
rines than pyrimidines, it is nonetheless less efficient in
incorporating the correct nucleotide opposite G than
opposite A (Haracska et al., 2001; Johnson et al.,
2000a; Tissier et al., 2000). This difference in efficiency
opposite template G versus template A is difficult to ra-
tionalize in terms of Watson-Crick base pairing, but, in
the context of Hoogsteen base pairing, it can be ex-
plained by the need to protonate the incoming nucleo-
tide in one case (dCTP) but not the other (dTTP). In our
report of the hPoliG.dCTP ternary complex (Nair et al.,
2005), we discuss the possible bases for protonation
of N3 of dCTP in the hPoli active site. In addition, we
note here from a comparison of binary and ternary struc-
tures that template G(syn), but not template A(syn), re-
sults in the restructuring of the sugar-phosphate of the
next (unpaired) 50 nucleotide, primarily as a means of
avoiding steric overlap with the N2 group of G(syn).
Figure 4. anti versus syn Conformation
Templates dA and dG are in the anti (binary) conformation in the ab-
sence of incoming dNTP (left), but they rotate about their glycosidic
bond to the syn (ternary) conformation in response to dNTP binding
(right).Discussion
A comparison of binary and ternary crystal structures of
replicative DNA polymerases has revealed many of the
hallmarksofa ‘‘classical’’ induced-fitmechanism wherein
the binding of substrate (dNTP) causes a large confor-
mational change in the enzyme, which serves to both
orient the functional groups and helps to discriminate
the correct from the incorrect substrate (Doublie et al.,
1998, 1999; Joyce and Benkovic, 2004; Li et al., 1998;
Steitz, 1999). In contrast, a comparison of hPoli binary
and ternary complexes shows that it is the DNA, and
not the enzyme, that undergoes the primary substrate-
induced conformational change wherein the incoming
dNTP ‘‘pushes’’ templates A and G from the anti to the
syn conformation.
The switch in template purines from the anti to the syn
conformation lends a basis for hPoli’s much higher effi-
ciency and fidelity opposite template purines than tem-
plate pyrimidines (Haracska et al., 2001; Johnson et al.,
2000a; Tissier et al., 2000; Washington et al., 2004a;
Zhang et al., 2000). Thus, whereas templates A or G in
the syn conformation can form two hydrogen bonds
with the correct incoming nucleotide via their Hoogsteen
edge, there are few hydrogen bonding opportunities op-
posite template pyrimidines because they lack a Hoogs-
teen edge. Pyrimidines are also much less likely than pu-
rines to adopt the syn conformation due to potential
steric overlap between the C4 substituents and the
sugar atoms (Haschemeyer and Rich, 1967; Saenger,
1984). Moreover, a pyrimidine does not free up as
much ‘‘space’’ as a purine by rotating to the syn confor-
mation due to its smaller size and more isotropic shape.
Thus, even if a pyrimidine were to assume the syn con-
formation in the hPoli active site it would sterically over-
lap with the correct incoming dNTP(anti). It is tempting
to speculate that template pyrimidines are evicted
from the hPoli active site in response to dNTP binding,
which could, for example, explain the broadly similar nu-
cleotide insertion pattern of the hPoli opposite template
T as opposite an abasic site (Johnson et al., 2000a).
Taken together, the rigidity of hPoli active site suggests
a novel mechanism for template selection wherein pu-
rines flip to the syn conformation for productive Hoogs-
teen base pairing, while pyrimidines are perhaps ejected
out of the active site. Such a specialized dNTP incorpo-
ration mechanism opposite template purines would pro-
vide hPoli an effective means for promoting replication
through minor groove adducts that present a strong
block to continued synthesis by the replicative DNA
polymerases (Washington et al., 2004b; Wolfle et al.,
2005).
Experimental Procedures
Crystallization
The GST-hPoli (residues 1–420) fusion protein was expressed and
purified as described previously (Nair et al., 2004). Two self-comple-
mentary oligonucleotides (18 nt) containing dideoxycytosine at their
30 ends were synthesized (50-TCTGGGGTCCTAGGACCCdd-30 and
50-TCTAGGGTCCTAGGACCCdd-30 corresponding to template G
and template A, respectively). The oligonucleotides were purified
by reverse-phase HPLC (on a C18 column), desalted, and lyophi-
lized. Prior to crystallization, the oligonucleotides were annealed
with themselves to give a ‘‘double-ended’’ template-primer with
Structure
754two replicative ends. For crystallization of the PoliA.dTTP ternary
complex, hPoli and DNA were mixed in the ratio of 1:1.2, followed
by the addition of dTTP and MgCl2 to final concentrations of 20
mM and 10 mM, respectively. For the PoliA and PoliG binary com-
plexes, only protein and the corresponding DNA were mixed to-
gether. The ternary and binary complexes were crystallized from so-
lutions containing 10%–15% PEG 5000 MME and 0.2–0.4 M
(NH4)2SO4 in 0.1 M MES buffer (pH 6.5). The cocrystals belong to
space group P6522 with cell dimensions of a = 98 A˚, b = 98 A˚,
c = 203 A˚, and a = b = 90º, g = 120º. For data collection, the cocrystals
were cryoprotected by soaks for 5 min in mother liquor solutions
containing 5%, 10%, and 15% glycerol and then flash frozen in liquid
nitrogen.
Structure Determination and Refinement
X-ray data on cryocooled PoliA and PoliG binary and PoliA.dTTP ter-
nary complex cocrystals were measured at Advanced Photon
Source (APS, beamline 19-ID) of Argonne National Laboratory at
l = 1.072 A˚ (Table 1). The data were indexed and integrated by using
DENZO and reduced by using SCALEPACK (Otwinowski and Minor,
1997). The hPoliA, hPoliG, and hPoliA.dTTP structures were solved by
molecular replacement (MR), by using the earlier PoliG.dCTP complex
as a search model (with dCTP omitted). The program AmoRe (Nav-
aza, 1994) gave a unique MR solution in each case, which was then
rigid body refined with CNS (Brunger et al., 1998). Electron density
maps for the PoliA.dTTP ternary complex showed the clear presence
of incoming dTTP. Iterative rounds of refinement with CNS, model
building with program O (Jones et al., 1991), and water picking low-
ered the Rfree to 29.0%. A similar protocol was used to refine the
PoliA and PoliG binary complexes, and the Rfree converged to around
30%. For all three structures, the refinement was continued with
Table 1. Data Collection, Phasing, and Refinement Statistics
PoliA PoliG PoliA.dTTP
Data Collection
Resolution (A˚) 2.5 2.4 2.6
Number of measured
reflections
214,144 237,224 129,709
Number of unique
reflections
20,742 23,107 18,517
Data coverage (%) 99.1 (100.0) 98.3 (98.7) 99.7 (100.0)
Rmerge (%)
a,b 5.8 (32.4) 5.5 (43.2) 5.9 (43.7)
I/s 33.5 (8.4) 16.5 (6.3) 34.5 (4.9)
Refinement Statistics
Resolution range 50–2.5 50–2.4 50–2.6
Reflections 19,908 22,540 17,438
Rcryst (%)
c 23.1 22.7 21.1
Rfree (%)
d 27.7 27.5 27.8
Nonhydrogen atoms
Protein 2,799 2,844 2,868
DNA 322 322 322
dTTP 29
Mg2+ ion 2
Water 101 115 91
Rms deviations
Bonds (A˚) 0.009 0.01 0.009
Angles (º) 1.69 2.01 1.71
Ramachandran plot
quality
Most favored (%) 86.2 88.1 83.5
Generously allowed (%) 13.8 11.6 16.2
Disallowed (%) 0.0 0.3 0.3
a Values for the outermost shells are given in parentheses.
b Rmerge = SjI 2 <I>j/SI, where I is the integrated intensity of a given
reflection.
c Rcryst = SkFoj 2 jFck/SjFoj.
d For Rfree calculations, 10%, 10%, and 8% of data excluded from re-
finement were used for the PoliA, PoliG, and PoliA.dTTP complexes,
respectively.REFMAC (Murshudov et al., 1997), which allows for the anisotropic
motion of rigid bodies, described as TLS parameters (Winn et al.,
2003). Briefly, TLS refinement was performed with the hPoli palm,
fingers, and thumb domains and the PAD defined as four rigid units
and the DNA defined as the fifth rigid unit. TLS refinement with
REFMAC dropped the Rfree to 27.8%, 27.7%, and 27.5% (using the
same test set of reflections used to calculate Rfree in CNS) for the
PoliA.dTTP, PoliA, and PoliG complexes, respectively. The refined
PoliA.dTTP ternary complex contains hPoli residues 25–370, 379–
394, and 404–414, DNA nucleotides 4–18 (3 of the 4 unpaired tem-
plate nucleotides at the 50 end are disordered), incoming dTTP,
2 Mg2+ ions, and 91 water molecules. The refined PoliA and PoliG bi-
nary complexes contain hPoli residues 25–349, 356–370, 379–394,
and 404–414 (there is no density for the first 24 and the last 6 resi-
dues; there is poor density for 3 loops in the PAD extending from res-
idues 350 to 355, 371 to 378, and 395 to 403), DNA nucleotides 4–18,
and 101 and 115 water molecules, respectively.
Structural Analysis
All of the models have good stereochemistry, as shown by PRO-
CHECK (Laskowski et al., 1993), with w84%–88% of the residues
in the most favored regions of the Ramachandran plot and %0.3%
in the disallowed regions. The figures were prepared with INSIGHTII
(Molecular Simulations, Inc.) and PyMol (Delano, 2002).
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